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Abstract 
 
The demand for energy efficiency of buildings and on-site electricity production is rising. Building integrated photovoltaic can 
provide a part of the electricity demand. Many studies are related to the module efficiency. However, architectural integration, 
optical and thermal properties also require attention. Semi-transparent modules are especially interesting for architectural 
integration in the glazed part of the façade. Dye sensitized solar cells, offering color and semi-transparency, are in the process of 
market introduction. However, dye-sensitized solar cells are fragile and there are not many examples of architectural integration 
due to the technical challenge of introducing these cells in a glazing. A glazing containing colored photovoltaic modules could be 
used to design an active façade. 
In order to determine the thermal behaviour of the building, the precise optical and thermal properties of the used materials need 
to be known. Performances of semi-transparent photovoltaic modules based on dye-sensitized solar cells were investigated. 
These modules come from the same manufacturer, using the same technology. However, they differ in terms of shades and 
nuances. Common practice is to indicate optical properties at normal angle of incidence. Yet, for most latitudes, the properties for 
a large range of angles of incidence are more relevant. Therefore, the spectral transmittance and the reflectance were measured at 
12 angles of incidence ranging from 0° to 75°. From these data, the solar direct transmittance τe, the solar direct reflectance ρe 
and the visible transmittance τv and selectivity were calculated. 
The solar gain factor was determined on a prototype double glazing under illumination with a solar simulator by measuring the 
temperatures of the external and inner surface of the product. Combined with the values of absorptance obtained from the 
transmittance and reflectance values, this measurement allows us to determine the internal heat transfer coefficient qi and thus the 
solar gain factor of the double glazing (also called total energetic transmittance or g-value). 
Final performance of a façade containing these modules will depend on the composition of the double glazing in which they will 
be laminated. The performance of the module itself will help to determine the best composition for each climate. For instance,   a 
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solar protection coating may be needed. The modules can be laminated to a glass pane and then be assembled in a double glazing. 
Therefore the architectural integration is facilitated and compatible with existing façade systems. In highly glazed building, a part 
of the façade could then be a photovoltaic façade and deliver a fraction of the energy demand while providing colourful options 
to enhance the aesthetic of the building. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
 
Dye-sensitized solar cells (DSSC) have been studied for a long time as a new generation of photovoltaic cells [1]. 
Commercial photovoltaic modules based on this technology are starting to be introduced in the market. The use of 
semi-transparent photovoltaic modules could increase the part of renewable energy produced on-site. Effectively, 
being embedded in a classical double glazing, they could find more easily their place on the façade. In addition, such 
modules provide colors and new possibilities for aesthetics [2]. In order to facilitate the building integration of such 
modules, thermal behavior and detailed optical properties should be known [3]. Comparison of optical properties 
with photovoltaic efficiencies was done by Yoon et al. [4]. 
In this paper, optical and thermal properties of prototype photovoltaic modules based on DSSC were studied. The 
solar direct transmittance and the light transmittance were determined as a function of the angle of incidence. In 
addition, the solar gain (g-value) of a double glazing comprising such modules was calculated based on the results of 
experiments. Results will help to choose the combination of glazing to provide the desired values. 
 
2. Experimental 
 
2.1. Samples 
 
Five photovoltaic modules based on dye-sensitized solar cells were analyzed. These modules were produced by 
Glass2Energy, a Swiss company which is developing semi-transparent photovoltaic modules to facilitate 
architectural integration of renewable energy in the buildings. These products are particularly promising because 
they can be laminated to the glass pane of a classical double (or triple) glazing and be installed as a regular window. 
Table 1 lists the products which were measured. 
 
Table 1. List of studied products 
 
Ref. Denomination Dye Carrier layer Frame  
G1 Opaque green Green, type 1 TiO2, type 1 Single glazing 
G2 Transparent green Green, type 1 TiO2, type 2 “ “ 
R1 Opaque red Red, type 1 TiO2, type 1 “ “ 
R2 Transparent red Red, type 1 TiO2, type 2 “ “ 
R3 Double glazing red Red, type 2 TiO2, type 3 Double glazing 
 
 
 
As noted in Table 1, the two green samples (G1 and G2) are made with the same dye. In a similar manner, the 
two red modules (R1 and R2) are also made of the same dye. Only the nanostructure of the TiO2 carrier layer 
changes. Fig. 1 shows photographs of the studied modules. Rothenberger et al. studied the difference between a 
strongly scattering TiO2 and a transparent one [5]. 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Photographs of (a) full size R2 module 60 cm x 100 cm; (b) transparent (left) and opaque (right) green samples; (c) transparent (left) and 
opaque (right) red samples. 
 
Fig. 1 (a) shows the whole R2 module which dimensions are 60 cm x 100 cm. The change of appearance due to 
the different TiO2 carrier layer used is particularly observable in Fig. 1 (b): on the left, the module G2 provide clear, 
yet colored, view to the surroundings; on the right, only some contours can be seen through the G1 module. Fig 1 (c) 
depicts the R2 and R1 modules. 
 
2.2. Angular-dependent optical properties 
 
Physical properties of façade elements play an important role in energy management. Precise data allows a better 
prediction of overheating risks and thermal losses. For new products such as dye-sensitized solar modules, it is 
important to determine the obtained properties. Values commonly given by manufacturers are valid at normal 
incidence of light. However, sun rays rarely strikes the façade at normal incidence. To overcome this, a window test 
bench capable of measuring transmittance and reflectance for angles between 0° and 75° was developed originally at 
the University of Basel [6] and now installed at EPFL/LESO-PB in Lausanne. This experimental set-up is composed 
of a light source, a support able to carry and rotate a real-size glazing, a receiver collimator and a Zeiss diode array 
spectrometer. For transmittance, the collimator is placed in line with the light source. For reflectance measurements, 
the collimator can be moved to have the same light path length for each angle. Spectral intensities are displayed in 
the software AspectPlus for wavelength ranging from 350 nm to 2100 nm (UV-Vis-NIR). 
These values are used to determine the coefficient of solar direct energy transmission τe, the light transmission τv, 
the solar direct reflectance ρe and the light reflectance ρv according to the EN 410 standard [7]. The light 
transmittance τv of the glazing is calculated from the spectral transmittance of the glazing for the visible range and 
considering to the sensitivity of the human eye for a white illuminant. The light reflectance ρv is calculated by 
replacing the spectral transmittance with the spectral reflectance. 
The solar direct transmittance τe of the glazing represents the fraction of solar energy transmitted through the 
glazing. The solar direct reflectance ρe is determined in a similar manner, by replacing the spectral transmittance by 
the spectral reflectance. The solar direct absorptance αe can be found using the relation (1). 
We  Ue  De   1 
These factors are commonly used to characterize window with low emissivity coatings or tinted glass. 
 
2.3. Angular-dependent solar gain factor 
(1) 
 
In order to calculate the solar gains of a building, one must know the solar gain factor of the components of the 
transparent part of the façade. The solar gain factor (or total energy transmittance) is the amount of energy passing 
though the building element, either transmitted or absorbed and radiated inside. It is defined by equation (2): 
g   We  qi 
 
(2) 
(a) (b) (c)
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Where τe is the coefficient of solar direct energy transmission and qi is the secondary internal heat transfer factor. 
qi represents the part of energy absorbed by the glass and reemitted as heat in the interior side. For accurate 
evaluation, the solar gain factor should be known as a function of the angle of incidence. The angular dependent 
solar gain was determined using the method developed by Reber et al. [8]. This method is based on the measurement 
of the external and internal surface temperature of the double glazing under illumination with a solar simulator. The 
light source of the solar simulator is a water-cooled xenon arc lamp (1000 W). A spectral distribution similar to the 
solar radiation is achieved using specific filters. Using these temperatures and the previously calculated solar 
transmittance factor τe, it is possible to determine the solar gain factor. 
 
3. Results 
 
3.1. Angular-dependent transmittance, reflectance and optical performances 
 
The five photovoltaic modules were installed on the pivoting window holder. The spectral transmittance and 
reflectance were measured at different angles ranging between 0° and 75°. Results obtained for the red opaque 
module (R2) are displayed in Fig. 2 (a). The maximum transmittance is obtained at all angles for a wavelength of 
about 1030 nm. At normal incidence, the transmittance reaches 41.6%, while when the light hits the module with an 
angle of 75° to the normal, the maximum transmittance is dived by two (20.8%). At oblique incidences, more  light 
is reflected. 
Fig. 2 (b) shows the spectrum of transmittance at normal incidence of the four single modules. In the visible 
range, the transmittance of each sample is very low which is due to the dye absorption. Samples G1 and R1, so 
called opaque in this study, presents a similar optical response in the range 600-2100 nm. The maximum 
transmittance is for both spectrums around 1000 nm, slightly above 40 % and a decrease is observed in the near- 
infrared from 1000 nm to almost zero transmittance after 2100 nm. This behavior indicates usually the presence of a 
conductive coating. In this case, it is certainly due to the presence of the transparent conductive oxide necessary to 
conduct electricity. Samples G2 and R2, so called transparent in this paper, display higher transmittance values. G2 
sample has a maximum transmittance of 56.6% at 873 nm. R2 sample present the highest transmittance with a peak 
of 62.5 % at 786 nm. 
As presented in Table 1, two types of titanium dioxide carrier layer are used. They differ in terms of 
nanostructure. If we except the visible part, which is representative of the dye used, we can see that the carrier layer 
plays an important role in terms of optical properties. Using the same dye, the transmittance of a module can go 
from 62 % (for R2) to only 41 % (R1). 
 
 
Fig. 2. (a) angular dependent transmittance spectrum of R1 sample; (b) transmittance spectrum at normal incidence of the four different samples. 
 
Using the spectrum of transmittance and reflectance, the coefficient of solar direct energy transmission τe, light 
transmission τv, solar direct reflectance ρe and light reflectance ρv, can be calculated according to the method 
described in section 2.2. 
(a) (b)
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In Table 2, results are presented for normal incidence. 
 
Table 2. Solar direct energy transmission τe, light transmission τv, solar direct reflectance ρe, light 
reflectance ρv,  and solar direct energy absorptance αe at normal incidence 
 
 τe τv ρe αe τe/τv 
G1 opaque green 0.19 0.06 0.07 0.74 3.17 
G2 transparent green 0.31 0.23 0.08 0.61 1.35 
R1 opaque red 0.19 0.05 0.07 0.73 3.80 
R2 transparent red 0.33 0.15 0.08 0.59 2.20 
R3 double glazing red 0.14 0.06 0.10 0.76 2.33 
 
 
From Table 2, it can be noted that visible transmittance are very small, especially for the opaque and double 
glazing modules. It is not surprising as the dye-sensitized solar cells function by using the visible light and are 
therefore absorptive in this range. The solar direct energy transmission is higher because the modules are more 
transparent in the infrared part of the solar spectrum. This leads to a ratio τe/τv greater than one for all modules. It 
means that the modules are providing more heat than light in the building. This ratio is commonly used by architects 
to define different class of glazing. The reflectance does not really changes being quite close to the reflectance of a 
single glass of pane, which is approximately four percent per interface. 
 
3.2. Thermal performances : determination of the total energy transmittance 
 
Using the experiment detailed in section 2.3, the temperatures of the exterior and interior glass panes were 
measured (respectively, position 1 and 4 according to Fig. 3 (a)). Temperatures obtained are displayed in Fig. 3 (b), 
ambient temperature is recorded to identify possible general rise of temperatures. At the beginning, every element 
has the same temperature, and then the light source is turned on facing the exterior glass pane. After approximately 
three hours, a stabilisation of the temperature is observed. The temperatures of the exterior glass pane and the 
interior glass pane at stabilisation are used to determine the internal coefficient of heat transfer qi. This coefficient is 
determined considering an emissivity of the glass of 0.837, a U-value of 3 W/(m2.K) for the double glazing. 
 
 
Fig. 3. (a) Double glazing configuration. The photovoltaic module is laminated on the exterior glass pane position 2; (b) Temperature measured 
on the exterior side (facing the light source) Text and the interior side Tint of the double glazing module, ambient temperature Tamb is shown as an 
explanation of the slight global increase of temperatures; (c) Obtained solar gain factor (g-value) and τe as a function of the angle of incidence. 
 
Once qi is known, it is possible to calculate the total energy transmittance g(φ) as a function of the angle of 
incidence by using the solar direct energy transmission τe previously found. Results are presented in Fig. 3 (c). At 
normal incidence, the total energy transmittance is g(0)=18% while the direct energy transmission is τe =14%. A 
high proportion of the solar energy is absorbed in the glass and in the PV module, 4% are then re-emitted inside the 
building. The PV module being laminated on the exterior glass pane, a large part of the absorbed energy is emitted 
towards the exterior. 
(a) (b) (c)
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4. Discussion 
 
Precise data on optical and thermal performances of new products are essential to use them as a façade element. 
Data on single elements can be used to define the best configuration of glazing, for example, on which position to 
laminate the PV module and if selective coatings are necessary. Depending on the climate, it can be interesting to 
take benefits of the passive solar gains from the near infrared part of the spectrum. On the contrary, in combination 
with a solar protection coating, these modules could be used as a shading element is warm climates. Due to their 
very limited visible light transmittance, these modules cannot be used as a proper window. However, they can be 
used in combination with windows having high visible transmittance. In addition, the view through these modules is 
clear but colored. Therefore, attention is needed to preserve good inside lighting conditions for places where people 
stay a long time such as office rooms. On the other hand, where decorative color is desired, light effects similar to 
stained glass can be obtained such as in the new Swiss Tech Conference Center in Lausanne [9]. 
These colored photovoltaic modules are promising because their architectural integration is compatible with 
existing façade systems. The next step would be to calculate the color rendering index of each module. In addition, it 
would be interesting to determine the U-value of these modules as a function of the configuration of glazing used. 
 
5. Conclusions 
 
Measurements on these modules indicate a low visible transmittance and therefore they could not be used for a 
whole façade, however, they can be combined with clear glass for visibility where it is needed and modules 
laminated in the same shape of double glazing. The modules can be used as any double glazing. In highly glazed 
building, a part of the façade could become a photovoltaic façade and provide a fraction of the energy demand while 
providing colorful options to enhance the aesthetic of the building. 
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